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Cloned sequences encoding a truncated form of the HER2 receptor were obtained from cDNA libraries 
derived from two HER2-overexpressing human breast cancer cell lines, BT-474 and SK-BR-3. The 5' 2.1 kb 
of the encoded transcript is identical to that of full-length 4.6-kb HER2 transcript and would be expected to 
produce a secreted form of HER2 receptor containing only the extracellular ligand binding domain (ECD). The 
3' end of the truncated transcript diverges 61 nucleotides before the receptor's transmembrane region, reads 
through a consensus splice donor site containing an in-frame stop codon, and contains a poly (A) addition site, 
suggesting that the truncated transcript arises by alternative RNA processing. SI nuclease protection assays 
show a 40-fold variation in the abundance of the truncated 2.3-kb transcript relative to full-length 4.6-kb 
transcript in a panel of eight HER2-expressing tumor cell lines of gastric, ovarian, and breast cancer origin. 
Expression of this truncated transcript in COS-1 cells produces both secreted and intracellular forms of HER2 
ECD; however, immunofluorescent labeling of HER2 ECD protein in MKN7 tumor cells that natively 
overexpress the 2.3-kb transcript suggests that transcriptionally generated HER2 ECD is concentrated within 
the perinuclear cytoplasm. Metabolic labeling and endoglycosidase studies suggest that this HER2 ECD (100 
kDa) undergoes differential trafficking between the endoplasmic reticulum and Golgi compartments compared 
with full-length (185-kDa) HER2 receptor. Transfection studies indicate that excess production of HER2 ECD 
in human tumor cells overexpressing full-length HER2 receptor can result in resistance to the growth -inhibiting 
effects of anti-HER2 monoclonal antibodies such as muMAb4D5. These findings demonstrate alternative 
processing of the HER2 transcript and implicate a potentially important growth regulatory role for 
intracellular^ sequestered HER2 ECD in HER2-amplified human tumors. 



The HER2 (neu, c~erbB-2) proto-oncogene encodes a 
185-kDa transmembrane protein tyrosine kinase receptor 
with extensive homology to the epidermal growth factor 
(EGF) receptor, HER1 (4, 6, 20, 36). The need to understand 
the role of the HER2 receptor, and its growth-regulating 
ligand(s) (15, 27, 32), is underscored by the prevalence of 
HER2 DNA amplification in a variety of human epithelial 
cancers, including those of ovarian, gastrointestinal, and 
mammary origin, in which the overexpressed receptor con- 
tributes to aggressive tumor growth and reduced patient 
survival (13, 37).. Moreover, newly developed anti-HER2 
monoclonal antibodies that bind with high affinity to the 
receptor's extracellular domain (ECD) result in both in vitro 
and in vivo growth inhibition of HER2-overexpressing tu- 
mors (10, 14, 17, 31, 38). One of these murine monoclonal 
antibodies, muMAb4D5, is now involved in clinical testing 
for the treatment of patients with HER2-overexpressing 
breast and ovarian cancers (31). 

Tumors and cell lines overexpressing transmembrane 
growth factor receptors often release truncated receptor 
ECD. The truncated forms of these receptors may arise by 
proteolytic cleavage of the full-length receptor, as for colo- 
ny-stimulating factor 1 and interleukin-2 receptors (7, 26, 
34), and/or by alternate splicing of receptor transcript into a 
form that eliminates the transmembrane and cytoplasmic 



domains, as has been shown for interleukin-4, Fc, and EGF 
receptors (29, 30, 33). Soluble HER2 ECD is released from 
HER2-overexpressing tumor cells in vitro and in vivo (1, 24, 
41), and the mechanism for this is thought to involve surface 
proteolysis of the 185-kDa receptor (41). Largely unexplored 
are the potential physiological effects of truncated growth 
factor receptors, which might involve extracellular compe- 
tition for cognate ligand (5) or intracellular dominant-nega- 
tive suppression of receptor function by heterodimer forma- 
tion (11, 20). 

We report here the isolation of clones encoding a trun- 
cated ECD form of the HER2 receptor from cDNA libraries 
prepared from two HER2-overexpressing human breast can- 
cer cell lines, BT-474 and SK-BR-3. The truncated HER2 
ECD transcript appears to be produced by an alternative 
RNA processing mechanism in which an exon extends 
through a splice site utilized by the full-length transcript, 
providing an in-frame stop codon and an alternate poly(A) 
addition site. The 2.3-kb truncated HER2 transcript is vari- 
ably expressed in a panel of human epithelial cancer cell 
lines and produces intracellular HER2 ECD protein of about 
100 kDa. Transfection studies suggest that excess produc- 
tion and intracellular retention of 100-kDa HER2 ECD in 
tumor cells overexpressing 185-kDa HER2 receptor results 
in resistance to the growth-inhibiting effects of the anti- 
HER2 monoclonal antibody muMAb4D5. These findings 
demonstrate a potentially important growth regulatory role 
for alternative processing of the HER2 transcript and the 
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intracellular production of HER2 ECD in HER2-overex- 
pressing human tumors. 

MATERIALS AND METHODS 

Cell lines. Human breast carcinoma lines SK-BR-3, BT- 
474, MCF-7, MDA-MB-453, MDA-MB-468, and T47D and 
the ovarian carcinoma cells SK-OV-3 were obtained from 
the American Type Culture Collection (Rockville, Md.) and 
maintained as recommended. The human gastric carcinoma 
cell line MKN7 was provided by T. Yamamoto (40). Cell 
growth assays in the presence of the anti-HER2 murine 
monoclonal antibody muMAb4D5 were performed as previ- 
ously described (35). 

cDNA cloning and sequencing. cDNA libraries were pre- 
pared from poly(A) RNA derived from the HER2-overex- 
pressing human breast cancer cell lines BT-474 and SK- 
BR-3. Reverse transcription of RNA into cDNA was 
performed as described by Gubler and Hoffmann (12). Blunt- 
ended cDNA from BT-474 poly(A) RNA was ligated to 
hemiphosphorylated EcoRl adaptors (Promega, Madison, 
Wis.) and cloned into the \gtl0 phage vector system. Blunt- 
ended cDNA from SK-BR-3 was ligated to BstXl adaptors 
and cloned into pRK5, an expression plasmid using the 
cytomegalovirus promoter/enhancer with simian virus 40 
(SV40) termination and polyadenylation signals located 
downstream of the inserted cDNA. Clones from the BT-474 
\gtl0 library which hybridized to the 5' HER2 cDNA probe 
XMAC14-1 (21), but did not hybridize to a 3' HER2 cDNA 
probe (800-bp Pstl-EcoRl fragment beginning 45 bp down- 
stream from the transmembrane coding domain), were se- 
lected for further analysis. From the SK-BR-3 pRK5 expres- 
sion library, pools of cDNA clones were transfected by using 
DEAE-dextran into COS-1 cells. Conditioned media were 
collected, concentrated 40-fold in 10-kDa-cutoff Microsep 
filters (Filtron Technology Corp., Northborough, Mass.), 
and screened for inhibition of SK-BR-3 cell binding to 
iodinated muMAb4D5, which recognizes only the extracel- 
lular domain of HER2 (17). From one pool that produced a 
marked reduction in cell surface antibody binding, succes- 
sive rounds of serial dilution resulted in the isolation of a 
single clone, pW597.3A, whose secreted protein product 
repressed muMAb4D5 binding to the HER2 receptor on 
SK-BR-3 cells. EcoRl inserts from cDNA clones were 
subcloned into pBSKS" (Stratagene, La Jolla, Calif.) and 
sequenced by the dideoxy technique (Sequenase; U.S. Bio- 
chemical, Cleveland, Ohio), with either single-stranded 
phage or double-stranded plasmid (prepared by Magic Mini 
Preps; Promega) as the template and using insert flanking 
primers (M13 forward and reverse primers) and primers 
prepared from the HER2 cDNA sequence (6). 

Polymerase chain reaction (PCR) analysis. DNA samples 
(0.1 jxg of BT-474 DNA and 1 \ig of human placenta DNA) 
w ere com bined with 50 pmol of both a 3' primer (5'- 
CCTTTTATAGTAAG AGCCCC-3 ' ) designed to prime 78 bp 
3' of the divergence and a 5' primer (5 ' -TG AGG AGGGCG 
CATGCCA-3') designed to prime 45 bp 5' of the divergence 
in a 50-u,l reaction volume containing 10 mM Tris (pH 8.3), 
1.5 mM MgCl, 50 mM KC1, 0.001% gelatin, 200 u.M each 
deoxynucleoside triphosphate and 1 U of AmpliTaq (Perkin- 
Elmer/Cetus), and sample reactions were subjected to 34 
thermal cycles (1 min at 94°C, 1.5 min at 48°C, and 1 min at 
72°C). Aliquots (7 uJ) were then electrophoresed through a 
12% polyacrylamide gel in lx TBE (0.09 M Tris, 0.09 M 
boric acid, 0.002 M EDTA). After electrophoresis, the gel 
was treated with 50 mM NaOH for 10 min (8), neutralized in 



lx TBE, and then electroblotted to Hybond (Amersham 
Arlington Heights, III.) in lx TBE. The DNA was UV 
cross-linked to the filter and probed with the 3'-terminal 
sequences from the truncated HER2 cDNA. Final filter 
washing was at 68°C in 0.2x SSC (lx SSC is 0.15 M NaQ 
plus 0.015 M sodium citrate)-l% sodium dodecyl sulfate 
(SDS). 

RNA analysis by Northern (RNA) blotting and SI nuclease 
protection. Total RNA was prepared by the guanidinium 
isothiocyanate-CsCl step-gradient technique and Northern 
blotted as previously described (25, 36). Ten micrograms of 
total RNA was electrophoresed through 1.0% agarose form- 
aldehyde gels, transferred to a Hybond membrane (Amer- 
sham), and UV cross-linked, and the filters were then probed 
in 50% formamide-5x SSC-1% SDS at 42°C. Filters were 
given final washes at 68°C in 0.2x SSC-1% SDS. Prepara- 
tion of single-stranded DNA probes for SI nuclease protec- 
tion assay were generated by using a variation of the 
procedure based on priming single-stranded phage DNA. A 
196-bp PpuMl-Xholl fragment from pW597.3A, in which the 
PpuMl site was filled by Klenow enzyme prior to XhoW 
digestion, was cloned into //mcll-Ba/wHI-digested ptzl8R 
(Pharmacia) to produce ptz!8RW5; this fragment was then 
digested with ///ndlll, purified, and subjected to exonucle- 
ase III digestion to uncover the reverse priming site 281 bp 
downstream of the 7//«dIII cut site. To 0.1 u,g of exonuclease 
Ill-digested ptzl8RW5, 1 pmol of M13 reverse primer (17- 
mer; Boehringer Mannheim Biochemicals, Indianapolis, 
Ind.) was annealed (50°C, 30 min) and then extended with 
Klenow enzyme, using [a- 32 P]dCTP (800 Ci/mmol) as the 
radiolabeled nucleotide. The reaction was then boiled in an 
equal volume of formamide loading buffer (95% formamide, 
1 mM EDTA [pH 8.0]) and electrophoresed on a 5% poly- 
acryIamide-8 M urea gel. The 281-nucleotide (nt) single- 
stranded DNA band was excised (other radiolabeled bands 
were >2.7 kb) and purified, and approximately 5 x 10 4 cpm 
of the single-stranded DNA probe was added to 30 tig of 
sample RNA. The sample mixture was precipitated with 
ethanol, resuspended in hybridization buffer [40 mM piper- 
azine-7vyV'-bis(2-ethanesulfonic acid) (PIPES; pH 6.4), 0.4 
M NaCl, 1 mM EDTA, 80% formamide], and incubated for 
15 h at 58°C; 300 \l\ of SI nuclease buffer (50 mM sodium 
acetate [pH 4.6], 0.3 M NaCl, 4.5 mM ZnS0 4 ) containing 200 
U of SI enzyme per ml was added to each hybridization 
reaction, and the mixture was incubated at 23°C for 30 min. 
The SI digestion was terminated by phenol-chloroform 
extraction, ethanol precipitated in the presence of 3 u,g of 
sheared salmon sperm DNA, resuspended in 10 u,I of forma- 
mide loading buffer, boiled, and electrophoresed on a 5% 
polyacrylamide-8 M urea gel. The gel was then dried and 
autoradiographed, and bands (281, 181, and 125 nt) were 
quantitated by scanning densitometry to determine the ratio 
of full-length to truncated HER2 transcript (125-nt band/ 
181-nt band). Because of the added length and resultant 
signal intensity of the protected 181-nt fragment, these 
densitometry ratios were corrected by a factor of 1.6 to 
calculate the true HER2 transcript ratios. 

Cell transfection, protein expression, and immunoblotting. 
Expression plasmid pW597.3A was transiently transfected 
into COS-1 cells by DEAE-dextran; 3 days after COS-1 
transfection, the medium was replaced with serum-free 
medium and incubation continued for another 24 h. The 
conditioned medium was then collected and concentrated 
35-fold by using 10-kDa-cutoff Microsep filters. Cell lysates 
of the transfected COS-1 cells (C-pW597.3A) were prepared 
by rinsing the cells in lx phosphate-buffered saline (PBS) 
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and then harvesting the cells in cell lysis buffer (20 M Tris 
[pH 8.0], 137 mM NaCl, 0.1% SDS, 1% Nonidet P-40). 
MDA-MB-453, SK-BR-3, and BT-474 cultures were perma- 
nently transfected with p\V597.3A by calcium phosphate 
precipitation (25). MDA-MB-453 and SK-BR-3 cells were 
cotransfected with a control (selectable) expression plasmid 
containing a neomycin phosphotransferase gene (neo) under 
SV40 promoter control (5 \Lg of pW597.3A plus 0.5 u.g of 
SV40 neo), and transfectants (MDA-453/M8, MDA-453/ 
M12, and SK-BR-3/S3) were selected by continuous culture 
exposure to 800 u.g of G418 (Geneticin; GIBCO) per ml. 
Transfected BT-474 cultures were not cotransfected with 
SV40 neo but were instead subjected 24 h after transfection 
to selection cycles consisting of 10 days of continuous 
exposure to 2 u,g of muMAb4D5 per ml, trypsinization, and 
passage in fresh (muMAb4D5-free) medium for 24 h, fol- 
lowed by resumption of the muMAb4D5 selection pressure. 
After the third selection cycle and relative to untransfected 
BT-474 cells, colonies resistant to the marked growth-inhib- 
iting effect of muMAb4D5 were observed. Two separate 
pools of resistant colonies (BT-474/pW-l and BT-474/pW-2) 
were split from the primary culture after the third selection 
cycle and were subcultured according to the same 
muMAb4D5 treatment regimen for two additional cycles 
before testing. Concentrated conditioned media and cell 
lysates from wild-type and transfected tumor cell lines 
(MKN7, MDA-MB-453, SK-BR-3, and BT-474) were pre- 
pared identically to the transfected COS-1 cells in order to 
examine protein expression. Aliquots of concentrated con- 
ditioned media and cell lysates were mixed in an equal 
volume of loading buffer (0.125 M Tris [pH 6.8], 20% 
glycerol, 2% SDS) either with or without 10 mM dithiothre- 
itol (DTT) as indicated, electrophoresed on a 7% polyacryl- 
amide-SDS denaturing gel, and electroblotted onto a poly- 
vinylidene difluoride membrane (Immobilon-P; Millipore, 
Bedford, Mass.). Size markers as indicated in figures were 
determined by comparing the running positions of prestained 
and unstained protein molecular weight standards (Bethesda 
Research Laboratories, Gaithersburg, Md.). After prehy- 
bridization in Tris-buffered saline (TBS; 10 mM Tris [pH 
8.0], 150 mM NaCl, 0.5% Tween 20) containing 1.5% nonfat 
dry milk powder, membranes were probed with either a 
guinea pig polyclonal antibody raised against the ECD of 
HER2 recombinantly produced in mammalian cells or an- 
other guinea pig polyclonal antibody raised against the 
C-terminal 17 amino' acids of HER2 (9, 10). Polyclonal 
antibodies raised against the HER2 ECD were protein A 
purified from guinea pig serum and used at a concentration of 
2 u.g/ml, while guinea pig antiserum against the HER2 C 
terminus was used at a 1:1,000 dilution. After several washes 
in TBS, membrane-bound antibodies were detected by using 
l25 I-protein A (NEN Research Products, Boston, Mass.). 
Membranes were then washed again in TBS, dried, and 
filmed. 

Metabolic labeling, immunoprecipitation, and endoglycosi- 
dase digestion. The differential processing and turnover of 
HER2 ECD was studied by using previously described 
techniques for the metabolic labeling and endoglycosidase 
(endo-H or endo-F) treatment of immunoprecipitated HER2 
receptor (16). Cells were grown to 80% confluence in 35-mm- 
diameter culture dishes, then pulse-labeled in cysteine-free 
medium containing [ 35 S]cysteine (1 mCi/ml) for 30 min, and 
incubated for various times (chase) in 10% fetal calf serum- 
supplemented medium. After the chase period, cells were 
washed twice in PBS, lysed, and immunoprecipitated with 
an ECD-specific polyclonal antibody in combination with 



protein A-agarose (Sigma). For endo-H (Boehringer Mann- 
heim) digestion, the immunoprecipitated products were first 
resolubilized in lysis buffer containing 1% SDS and heated 
for 2 min. The supernatant was diluted 10-foid with lysis 
buffer containing endo-H (250 mU/ml) and incubated at 37°C 
for 4 h. Digestion products were reimmunoprecipitated and 
then electrophoresed (along with undigested products) on an 
SDS-7.5% polyacrylamide gel. 

Immunofluorescence of tumor cells. Cultured HER2-over- 
expressing tumor cells were grown to subconfluence on 
coverslips, fixed with 3% formaldehyde, and permeabilized 
with 1% Triton X-100. Cells were then incubated with 
primary anti-HER2 antibodies. Either a guinea pig anti- 
HER2 ECD antiserum or muMAb4D5 was used to label 
HER2 ECD. Either a guinea pig antiserum, a rabbit anti- 
serum, or a mouse monoclonal antibody, each directed 
against the HER2 C terminus, was used to label full-length 
HER2. Following washes in PBS, the cells were incubated 
with an appropriate secondary goat antibody directed 
against either rabbit, mouse, or guinea pig immunoglobulin 
G. The secondary antibody was conjugated to either fluo- 
rescein or rhodamine. The cells were again washed, 
mounted, and then examined by using a Leitz Aristoplan 
fluorescence microscope. 

RESULTS 

Isolation and sequencing of HER2 ECD clones. Three 
clones encoding the truncated HER2 ECD were isolated 
from cDNA libraries derived from the HER2-overexpressing 
cell lines BT-474 and SK-BR-3 (Fig. 1). The DNA sequences 
of these clones matched the known 5' untranslated and 
coding sequence of HER2 through base 1898 (from the 
initiating ATG codon in exon 1) and then diverged into a 
region of unique sequence terminating in a polyadenylation 
stretch (13 A's in clone \5A). The clones encode a reading 
frame that includes the first 633 amino acids of HER2 and 
diverges 20 amino acids 5' of the HER2 transmembrane 
domain. The divergent region begins with the sequence 
GTGAG, a consensus splice donor site, suggesting that the 
truncated transcript fails to splice at the 3' end of the exon 
and reads through for 165 bp to an alternative poly(A) site. 
The TGA in the putative splice site becomes the stop codon 
for the truncated transcript. 

Characterization of the divergent exon. To determine 
whether the divergent sequence is contiguous in the genome 
with the immediately 5' common sequence, DNA from 
human placenta and BT-474 cells was subjected to PCR 
analysis using primers flanking the point of divergence. A 
major PCR band of 123 bp that hybridized to probe from the 
3' region of the truncated HER2 cDNA clone was obtained 
from both placenta and BT-474 genomic DNA (Fig. 2). This 
amplified 123-bp band is the size expected if the two se- 
quences are contiguous in the genome, substantiating the 
read-through of the HER2 splice site as the source of the 
divergent sequence. The significance of the minor hybridiz- 
ing band occurring below the predominant 123-bp band is 
unknown, and PCR analysis using only one flanking primer 
yielded no 3' truncated HER2 hybridizing band (data not 
shown). 

Prevalence and cellular abundance of truncated HER2 
transcript. Previous Northern analyses had detected a 2.3-kb 
HER2 transcript in RNA isolated from the human gastric 
cancer cell line MKN7 that hybridized to 5' but not 3' HER2 
cDNA probes (40). Blot hybridizations of RNA from BT-474 
and MKN7 cells using probes specific for the 5' common and 
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FIG. 1. Schematic diagram of truncated human HER2 cDNA clones containing 3' sequences divergent from full-length HER2 cDNA. 
Three clones were isolated from cDNA libraries from SK-BR-3 (pW597.3A) and BT-474 (X1C and X5A) human breast cancer cells. Horizontal 
lines represent untranslated regions from the 5' and 3' regions of the full-length HER2 cDNA. Open boxes represent either the ECD or the 
intracellular domain (ICD) of normal HER2; the stippled box represents the normal HER2 transmembrane domain. Solid boxes indicate the 
divergent region of the 3' end of the truncated HER2 cDNAs, the full sequence of which is shown in the expanded bracket highlighting the 
retained 5' splice donor site (GTGAG), the in-frame stop codon (TGA), and the poly(A) addition signal (ATT AAA). 



3' divergent regions of the full-length and truncated HER2 
transcripts show that a 4.6-kb band corresponding to the 
full-length transcript is found in both cell lines, while an 
obvious 2.3-kb band corresponding to the truncated tran- 
script is found only in MKN7 RNA (Fig. 3). Fivefold 
overexposure reveals the presence of the 2.3-kb truncated 
HER2 transcript in BT-474 cells as well (data not shown). 
Previous detection of the 2.3-kb transcript in other cell lines, 
primarily those of human breast cancer origin, has been 



A <P B & 




■Si it 



FIG. 2. Genomic contiguity of divergent cDNA sequence reflect- 
ing alternatively processed HER2 transcript. Human placenta and 
BT-474 genomic DNA was PCR amplified by using primers flanking 
the point of divergence (45 bp of common exonic sequence and 78 bp 
of putative intronic sequence). Aliquots of the reaction mixture were 
electrophoresed in a 12% polyacrylamide gel with 4>X174 replica- 
tive-form DNA///a<?III (Bethesda Research Laboratories) restric- 
tion fragments as markers, stained with ethidium bromide, and 
photographed (B). DNA was transferred to a nylon membrane and 
probed with a fragment from the 3' region of the truncated HER2 
cDNA clone (A). 



equivocal because of the much greater abundance of the 
4.6-kb HER2 band and the lack of a specific probe recogniz- 
ing the 3' divergent sequence unique to the truncated tran- 
script (1, 21, 41). 

The relative amounts of the truncated and full-length 
HER2 transcripts were more readily quantitated by SI 
nuclease assay. A 281-nt single-stranded fragment contain- 
ing sequences spanning the point of divergence from the 
truncated HER2 clones was used as a probe. The truncated 
transcript was expected to protect 181 nt of this probe, while 
full-length transcript would protect 125 nt. Results of the SI 
nuclease assay using RNA from cell lines MKN7, SK-OV-3, 
and BT-474 are shown in Fig.4A. Quantitation of these data 
gave ratios of 1.1, 16, and 40 (full-length to truncated 
transcript levels) for the MKN7, SK-OV-3, and BT-474 
RNA samples, respectively. Similar assays were performed 
to compare the relative abundance of the full-length and 
truncated HER2 transcripts present in human breast cancer 
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FIG. 3. Specificity of the 3' region of truncated HER2 cDNA for 
the 2.3-kb RNA transcript. Identical Northern membranes contain- 
ing BT-474 and MKN7 total RNA at 10 u,g per lane were probed with 
a 5' HER2 cDNA probe (5' HER2), a 3' HER2 cDNA probe (3' 
HER2), and a probe primarily specific for the 3' region of the 
truncated HER2 cDNA (3' ECD). Positions of 18S and 28S rRNAs, 
determined from the ethidium bromide-stained RNA gels, are indi- 
cated. 
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FIG. 4. SI nuclease protection assay quantitating relative tumor 
cell abundance of 2.3-kb HER2 ECD mRNA. A single-stranded 
DNA fragment containing sequences spanning the point of diver- 
gence in the truncated HER2 cDNA clones was primed by an M13 
reverse primer to generate the radiolabeled 281-nt probe used in the 
SI protection assay conditions as described in Materials and Meth- 
ods. Thirty micrograms of total RNA from the indicated cell lines' 
was subjected to SI assay, and the protected products were sepa- 
rated by electrophoresis on 5% polyacrylamide-8 M urea gels. 
Arrows indicate gel positions of the intact 281-nt probe, the 181-nt 
fragment protected by the sequence divergence within the truncated 
HER2 transcript, and a 125-nt exonic portion of that probe fragment 
protected only by full-length HER2 transcript. The more prolonged 
autoradiograph exposure shown in panel B was necessary to detect 
the HER2 ECD-derived band (181 nt) from MCF-7 and T47D cells; 
an even longer autoradiograph exposure was necessary to detect 
this truncated transcript from MDA-468 cells (not shown). 



cell lines known to greatly overexpress (BT-474 and SK-BR- 
3), moderately overexpress (MDA-MB-453 and T47D), or 
normally express (MCF-7 and MDA-MB-468) HER2 recep- 
tor (Fig. 4B). Irrespective of HER2 receptor level varying 
30-fold among these breast cancer cell lines, the ratio of 
full-length to truncated HER2 mRNA levels was essentially 
constant and equal to 40. 

Cellular expression of truncated HER2 protein. Immuno- 
blotting of COS-1 cells transfected with the HER2 ECD 
expression clone (pW597.3A) was performed to examine the 
size and pattern of expression of the truncated HER2 
protein. Samples from the concentrated serum-free condi- 
tioned medium and COS-1 cell extract were analyzed by 
SDS-poIyacrylamide gel electrophoresis and stained with 
anti-HER2 ECD antibodies (Fig. 5A). Under reducing con- 
ditions, conditioned medium showed a 110-kDa band, while 
the band from the cell extract migrated at approximately 100 
kDa. Since the molecular size of the protein based on 
translation of the HER2 ECD cDNA sequence is about 70 
kDa, both the secreted and cytosolic forms appeared to be 
glycosylated to various extents (6, 40). In agreement with the 
known disulfide-linked cysteines in the HER2 ECD, the 
unreduced and more compact form of the truncated protein 
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FIG. 5. Size and pattern of expression of truncated HER2 pro- 
tein. (A) Reduced (DTT +) and nonreduced (DTT -) aliquots of 
conditioned media (CM) or cell extract (CE) from COS-1 cells 
transiently transfected with the HER2 ECD expression vector 
pW597.3A were electrophoresed in an SDS-7% polyacrylamide gel, 
transferred to a polyvinyl id ene difluoride membrane, probed with 
polyclonal antibodies against the HER2 ECD, and detected by 
125 I-protein A. (B) DTT-reduced aliquots of conditioned media (CM) 
or cell extracts (CE) from the indicated cell lines (including the 
transfected COS-1 cells, C-pW597.3A) were electrophoresed, trans- 
ferred to a membrane, probed with either polyclonal antibody against 
the HER2 ECD (ECD) or polyclonal antibody against the HER2 C 
terminus (C-Term), and detected by 125 I-protein A. The immunore- 
active bands at 60 to 70 kDa in MKN7 and SK-BR-3 cell extracts, as 
well as the other lower-molecular-weight bands, represent nonspe- 
cific (non-HER2 protein) detection by polyclonal antibody, since 
these bands are present with near-equal intensity in MCF-7 cell 
extract (not shown). Protein molecular weight standards were used to 
determine the positions of size markers shown on the left. 



migrated more rapidly than did the reduced HER2 ECD (Fig. 
5A). 

Immunoblotting of cell lines (MKN7 and SK-BR-3) with 
greatly oyerexpressed HER2 receptor and different ratios of 
full-length to truncated HER2 transcript was performed to 
compare the size and pattern of the native HER2 protein 
expressed in these tumor cell lines. Extracts from both cell 
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FIG. 6. Double immunofluorescence labeling of MKN7 cells overexpressing full-length HER2 (185 kDa) and HER2 ECD (100 kDa) 
demonstrating differential cellular localization of the truncated and full-length receptor proteins. As described in Materials and Methods, 
cultured MKN7 cells were labeled with both an antibody directed against the HER2 ECD domain and an antibody directed against the 
cytoplasmic C-terminal domain of HER2. Diffuse cell surface membrane fluorescence from rhodamine-labeled full-length HER2 receptor is 
seen in panels B (low power) and D (high power). In contrast, panels A (low power) and C (high power) show the same cells with intense 
perinuclear as well as diffuse surface membrane fluorescence from fluorescein-Iabeled HER2 ECD. The bars represent 10 u,m. 



lines contained equal and abundant levels of intact (185-kDa) 
HER2 receptor when probed with anti-HER2 ECD antibody 
(Fig. 5B). As well, the concentrated conditioned medium 
from SK-BR-3 cells (having low 2.3-kb transcript levels 
relative to 4.6-kb HER2 mRNA) contained as much 110-kDa 
immunoreactive protein as did that from MKN7 cells (with 
high levels of 2.3-kb HER2 mRNA), implicating proteolysis 
of the abundant cell surface receptor as one mechanism for 
soluble HER2 ECD production (see Discussion). In con- 
trast, only the MKN7 cell extract contained abundant 100- 
kDa HER2 ECD protein like that found in transfected COS-1 
cells (Fig. 5B). As expected, when probed with antibody 
specific for the C-terminal region of the intact HER2 protein, 
the 100-kDa HER2 ECD band from the MKN7 cell extract 
was no longer detectable (Fig. 5B). Thus, the abundance of 
100-kDa HER2 ECD protein in the MKN7 cell extract 
corresponds to the amount of truncated 2.3-kb HER2 mRNA 
expressed in these cells. 

Two different procedures were performed to demonstrate 
the intracellular localization of 100-kDa HER2 ECD in 
MKN7 cells: (i) cultured cells were subjected to trypsiniza- 



tion prior to HER2 immunoblot assay of cell extracts, and 
(ii) cells were double immune labeled with C-terminus- and 
ECD-specific anti-HER2 antibodies. Trypsin treatment of 
MKN7 cultures (0.5 and 2.5 mg of trypsin per ml in 1 mM 
EDTA at 37°C for 15 to 30 min) produced partial cleavage 
followed by complete loss of intact (185-kDa) HER2 recep- 
tor with no significant decline in extract levels of truncated 
(100-kDa) HER2 protein (data not shown), indicating that 
the intracellular location of MKN7 HER2 ECD protected it 
from exposure to a proteolytic attack capable of completely 
degrading cell surface HER2 receptor. To localize intracel- 
lular HER2 ECD relative to full-length HER2 in MKN7 
cells, double immunofluorescence studies were performed 
with antibodies recognizing five different epitopes within 
either the extracellular or cytoplasmic domain of HER2: two 
different antibodies specific for separate HER2 C-terminus 
epitopes in the cytoplasmic domain and three different 
anti-ECD antibodies specific for distinct N-terminus 
epitopes. As shown (Fig. 6A and C), MKN7 cells labeled 
with either a polyclonal antiserum or a monoclonal antibody 
(muMAb4D5) directed against the HER2 ECD showed dif- 
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FIG. 7. Double immunofluorescence labeling of SK-BR-3 cells overexpressing full-length HER2 but not HER2 ECD Cultured SK-BR-3 
cells were labeled with the same ECD-specific antibody (A and C) and antibody directed against the HER2 cytoplasmic domain (B and D) 
as described for Fig. 6; fluorescence was visualized under low-power (A and B) and high-power (C and D) magnification. With these control 
cells, both antibodies demonstrate membrane labeling without significant intracellular fluorescence. The bars represent 10 u.m 



fuse surface membrane-localized immunofluorescence in ad- 
dition to a more intense pattern of intracellular immunoflu- 
orescence localized to the perinuclear region. When these 
same cells were simultaneously labeled with either antipep- 
tide antiserum or a monoclonal antibody directed against the 
HER2 C terminus, diffuse surface membrane immunofluo- 
rescence predominated (Fig. 6B and D). Double immunola- 
beling of control SK-BR-3 cells, known to overexpress 
full-length HER2 but not HER2 ECD, showed pronounced 
membrane labeling without significant intracellular fluores- 
cence by either the C-terminus- or N-terminus-specific anti- 
bodies (Fig. 7). Of note, when transfected and HER2 ECD- 
overexpressing SK-BR-3 cells (see Materials and Methods) 
were similarly labeled, intracellular fluorescence was ob- 
served with the N-terminus-specific antibodies but not with 
the C-terminus-specific antibodies (results not shown). The 
trypsinization studies together with the double immunofluo- 
rescence labeling studies indicate that a major portion of the 
2.3-kb transcript-encoded HER2 ECD localizes intracellu- 
larly. 



Metabolic labeling and endoglycosidase (endo-H or 
endo-F) treatment of HER2 immunoprecipitates from 
MKN7 cells was performed to detect differential processing 
and turnover by intracellular^ sequestered HER2 ECD in 
comparison with surface membrane-bound full-length recep- 
tor. The pulse-chase result shown in Fig. 8A demonstrates 
that HER2 ECD does not mature beyond the 100-kDa form 
detected immediately upon 35 S labeling, unlike full-length 
HER2, which characteristically shows more extensive glyc- 
osylation and processing of its 170-kDa precursor form into 
the mature 185-kDa glycoprotein (16). Figure 8B demon- 
strates that the 100-kDa HER2 ECD is sensitive to endo-H 
digestion following pulse-chase (consistent with high-man- 
nose-type N-linked glycosylation), resulting in the 75-kDa 
HER2 ECD digestion products. In contrast, while the 170- 
kDa HER2 precursor is endo-H sensitive, the mature 185- 
kDa HER2 receptor is endo-H resistant, a result of Golgi 
processing of the high-mannose-type full-length precursor 
into the complex-type 185-kDa mature glycoprotein (16). 
Similar results showing differential processing of 185-kDa 
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FIG. 8. Metabolic labeling of MKN7 cells and endo-H digestion 
of HER2 immunoprecipitates. MKN7 cultures were pulsed-labeled 
with [ 35 S]cysteine for 30 min, chased for various intervals up to 2 h 
prior to cell lysis, and then immunoprecipitated with a HER2 
ECD-specific polyclonal antibody. Labeled immunoprecipitates 
were analyzed before (A) and after (B) endo-H digestion by SDS- 
7.5% polyacrylamide gel electrophoresis and autoradiography. Pro- 
tein molecular weight standards were used to determine the posi- 
tions of size markers shown on the left. 



HER2 and HER2 ECD were obtained with endoF treatment 
of MKN7 HER2 immunoprecipitates. 

Induction of muMAb4D5 resistance by intracellular overex- 
pression of HER2 ECD. The observation of increased levels 
of 2.3-kb HER2 transcript in tumor cell lines showing 
atypical resistance to the growth-inhibiting effects of anti- 
HER2 antibodies suggested that intracellular overexpression 
of HER2 ECD might directly alter the growth response of 
cells exposed to muMAb4D5 (see Discussion). In the first 
test of this hypothesis, MDA-MB-453 cells cotransfected 
with HER2 ECD and neo expression vectors were clonally 
selected and amplified on the basis of G418 resistance, 
examined for cell extract overexpression of 100-kDa HER2 
ECD protein, and then tested for sensitivity to a growth- 
inhibiting dose of the anti-HER2 monoclonal antibody 
muMAb4D5 (10, 17, 35). In two fully characterized MDA- 
MB-453 clones (MDA-453/M8 and MDA-453/M12), cell ex- 
tract immunoblots confirmed the presence of HER2 ECD 
protein, which was only faintly detectable in untransfected 
MDA-MB-453 cells (Fig. 9). Both of these transfected clones 
showed reduced sensitivity to a known growth-inhibiting 
concentration of muMAb4D5 (Fig. 10). In a second test of 
this hypothesis, BT-474 cells were transfected with the 
HER2 ECD expression vector but without cotransfection of 
the G418-selectable resistance marker. Transfectants were 
then selected by exposure to a growth-inhibiting concentra- 
tion (2 ng/ml) of muMAb4D5 as described in Materials and 
Methods. Control BT-474 cells, which contain minimal in- 
tracellular HER2 ECD but produce in their conditioned 
medium amounts of soluble ECD similar to those produced 
by MKN7 cells (data not shown), were also subjected to 
selection pressure by 2 p,g of muMAb4D5 per ml. After more 
than 15 weeks of antibody exposure, control BT-474 cells 
continued to show the same marked degree of cytostasis by 
muMAb4D5 as previously reported (36), with no evidence 
for the emergence of muMAb4D5 resistance. In contrast, 
pW597.3A-transfected and muMAb4D5 -selected BT-474 
cells not only overexpressed 100-kDa HER2 ECD intracel- 
lularly (Fig. 9) but also proliferated more than twice as fast 
as control BT-474 cells (0.74 doubling per day versus 0.35 
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FIG. 9. Overexpression of HER2 ECD in BT-474 and MDA-453 
tumor cells. MDA-453 and BT-474 cells were transfected with the 
HER2 ECD expression vector (pW597.3A) to yield separate cul- 
tures of permanent transfectants (MDA-453/M8, MDA-453/M12, 
BT-474/pW-l, and BT-474/pW-2) as described in Materials and 
Methods. DTT-reduced aliquots of extracts from untransfected and 
transfected cells, including transfected COS cells (C-pW597JA), 
were electrophoresed, transferred to a membrane, and probed with 
either HER2 ECD- or HER2 C-terminus (C-Term)-specific poly- 
clonal antibodies, and protein bands were identified by 125 I-protein 
A as described for Fig. 5. As shown, the differentially stained 
100-kDa HER2 ECD band (located by the single intense band from 
the C-pW597.3A extract) is overexpressed only in the transfected 
cells, while full-length HER2 receptor (the intense band just below 
the 200-kDa marker) is overexpressed in both control and trans- 
fected tumor cells. 



doubling per day) and demonstrated no significant growth 
inhibition on continuous culture exposure to 2 p,g of 
muMAb4D5 per ml (Fig. 10). 

DISCUSSION 

Results presented here demonstrate that a truncated 
2.3-kb transcript from the HER2 proto-oncogene is pro- 
duced by alternative processing of the primary HER2 recep- 
tor transcript. The 5' 2.1-kb segment of the truncated HER2 
transcript is identical to the 5' end of the full-length 4.6-kb 
HER2 transcript; however, the 3' end diverges in the trun- 
cated transcript, revealing an exonic extension with an 
in-frame stop codon and a poly(A) addition site. Thus, unlike 
the alternate exonic splicing mechanism most commonly 
described for other transmembrane receptor systems, in- 
cluding the rat EGF receptor (33), production of the trun- 
cated HER2 transcript uses an alternative polyadenylation 
signal that permits reading into the HER2 intron, like that 
recently reported for the chicken EGF receptor system (11). 
The truncated HER2 transcript encodes a 100-kDa form of 
the 185-kDa transmembrane receptor that, with the excep- 
tion of 20 C-terminal amino acids, contains the entire HER2 
ECD. This HER2 ECD protein is fully recognized by N-ter- 
minus-specific anti-HER2 antibodies, and the alternatively 
processed ECD-encoding transcript is present at variable 
levels in all eight HER2-expressing cancer cell lines exam- 
ined. 

Observation of a 2.3-kb HER2 transcript in the HER2- 
overexpressing gastric cancer cell line MKN7 that hybrid- 
ized with 5' but not 3' HER2 cDNA probes was initially 
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FIG. 10. Resistance of HER2-overexpressing tumor cells to 
muMAb4D5 induced by the transfected overexpression of HER2 
ECD. Control and pW597.3A-transfected MDA-453 (MDA-453/ 
M12) and BT-474 (BT-474/pW-l) cells (10 5 ) were plated into tripli- 
cate 25-cm 2 culture flasks on day 0, with or without the addition of 
2 \ig of muMAb4D5 per ml. (A) Flasks were harvested, and mean 
total cell counts were determined on day 7, with results averaged 
from duplicate experiments and shown as the ratio of muMAb4D5- 
treated to untreated cell counts for both transfected and untrans- 
fected tumor cells. (B) To compare the different muMAb4D5 treat- 
ment responses over time, mean cell counts (± standard error of the 
mean) for transfected and untransfected BT-474 cells were deter- 
mined after 3, 5, and 7 days of growth in culture. 



reported by Yamamoto et al. (40). Evidence from other 
groups for the existence of a truncated HER2 transcript by 
Northern blotting of RNA from HER2-overexpressi ng hu- 
man breast cancer cell lines has been inconclusive, in part 
because of the predominance of the normal 4.6-kb HER2 
transcript (1, 21, 41). The relative abundance of the full- 
length versus the truncated HER2 transcript varies greatly in 
the different breast, ovarian, and gastric cancer cell lines. In 
MKN7 cells, the ratio of full-length to truncated transcript is 
1.1. By comparison, all six of the breast cancer cell lines 
(irrespective of their 30-fold variation in overall HER2 
expression) exhibit a ratio of 40, while the SK-OV-3 ovarian 
cancer cells have a ratio of 16. At present, the cellular 
factors governing the relative amounts of the two HER2 
transcripts are unknown. 

Clinical analysis has detected HER2 ECD protein in the 
blood of patients with HER2-overexpressing tumors (23), 
and several reports have characterized the soluble HER2 



ECD protein found in media conditioned by HER2-overex- 
pressing SK-BR-3 and BT-474 cells (1, 24, 41). However, the 
mechanism accounting for this soluble HER2 ECD protein 
has not been fully established. Pulse-chase experiments 
suggest that the HER2 membrane receptor on SK-BR-3 cells 
is proteolytically cleaved to release soluble ECD (41). Fur- 
thermore, the fact that soluble HER2 ECD can be shed by 
proteolytic cleavage of surface receptor may be deduced 
from studies using HER2-negative NIH 3X3 cells transfected 
with a full-length HER2 cDNA expression vector (22). 
Although full-length HER2 cDNA should not generate a 
truncated HER2 transcript of the type that we have identi- 
fied, extracellular HER2 ECD is abundantly produced by 
HER2-transfected NIH 3T3 cells. Thus, it is possible that 
the major proportion of extracellular HER2 ECD protein is 
produced by proteolytic cleavage of overexpressed 185-kDa 
surface receptor. 

In contrast to extracellular HER2 ECD generated by 
proteolytic shedding of surface receptor, intracellular 100- 
kDa HER2 ECD produced by truncated (2.3-kb) HER2 
transcript appears to undergo differential trafficking between 
endoplasmic reticulum and Golgi, leading to its perinuclear 
accumulation. This conclusion is supported by four different 
observations: (i) Western immunoblots show that while 
MKN7, BT-474, and SK-BR-3 cells all produce comparable 
amounts of soluble HER2 ECD, MKN7 cells produce in- 
creased levels of cell-associated 100-kDa HER2 ECD, con- 
sistent with their near 40-fold excess level of truncated 
HER2 transcript relative to BT-474 and SK-BR-3 cells; (ii) 
MKN7 cells trypsinized until their surface 185-kDa HER2 
receptor is no longer detectable by Western blotting still 
contain excess levels of 100-kDa HER2 ECD in their cell 
extracts; (iii) double immunofluorescence labeling of MKN7 
cells using C-terminus- and ECD-specific anti-HER2 anti- 
bodies shows that the overexpressed HER2 ECD is intracel- 
lular and concentrated within the perinuclear region; and (iv) 
metabolic labeling and endoglycosidase digestion indicate 
that HER2 ECD is composed of high-mannose-type N-g\y- 
can, in contrast to the complex-type 7V-glycan present in 
mature 185-kDa HER2. This endo-H sensitivity and arrested 
maturation and processing of HER2 ECD Af-glycan may 
signify that newly synthesized 100-kDa HER2 ECD under- 
goes differential trafficking between the endoplasmic reticu- 
lum and Golgi compartments, compared with full-length 
receptor. Of interest, the apparent perinuclear site of seques- 
tration for HER2 ECD is similar to the intracellular site of 
routing for 185-kDa surface receptor following binding by 
either ligand or any one of several growth-inhibiting (but not 
growth-stimulating) anti-HER2 antibodies (2, 3); this also 
appears to be the intracellular routing for receptor-bound 
muMAb4D5 (data not shown). Together, these findings not 
only indicate that 100-kDa HER2 ECD may be differentially 
routed between the endoplasmic reticulum and Golgi com- 
partments compared with newly synthesized full-length 
HER2 but also point to a possible subcellular site of inter- 
action between newly synthesized HER2 ECD and mem- 
brane-activated and internalized 185-kDa HER2 receptor. 

The possible biological significance of this overexpressed 
intracellular HER2 ECD was first suggested by the atypical 
resistance profiles of cultured MKN7 and SK-OV-3 cells 
exposed to growth-inhibiting concentrations of muMAb4D5. 
Except for these cell lines, the ability of anti-HER2 mono- 
clonal antibodies such as muMAb4D5 to inhibit growth of 
HER2-overexpressing tumor cells appears to correlate well 
with 185-kDa HER2 receptor levels (10, 17, 35). For exam- 
ple, tumor cells BT-474 and SK-BR-3, with approximately 
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25-fold-greater HER2 surface receptor level relative to 
MCF-7, experience 67% growth inhibition in the presence of 
anti-HER2 monoclonal antibodies (mean responses to three 
different growth-inhibiting monoclonal antibodies [4D5, 
3H4, and 7F3] relative to control cell responses). This 
sensitivity to different anti-HER2 monoclonal antibodies 
occurs despite excessive extracellular shedding of soluble 
HER2 ECD by these cells. Growth of MCF-7 and other 
Iow-HER2-expressing cell lines (e.g., MDA-MB-468) is es- 
sentially unaffected by these anti-HER2 monoclonal anti- 
bodies. In contrast, SK-OV-3 and MKN7 cells, with their 
15-fold overexpression of HER2 surface receptor (but 2.5- to 
40-fold relative excess of truncated HER2 transcript levels 
compared with BT-474 and SK-BR-3 cells), respond like 
low-expressing cells and show only 16 and 0% growth 
inhibition, respectively, on exposure to these same anti- 
HER2 antibodies. The overexpressed 185-kDa receptor on 
anti-HER2-resistant MKN7 cells is bound and internalized 
by these monoclonal antibodies much like that of SK-BR-3 
and BT-474 ceils (35; data not shown), suggesting that their 
resistance is not accounted for by lack of receptor availabil- 
ity or ability to internalize. To determine whether there is a 
mechanistic association between. anti-HER2 resistance and 
overexpressed intracellular HER2 ECD, transfection studies 
were performed. 

HER2-overexpressing breast cancer cell lines sensitive to 
muMAb4D5 were transfected with the HER2 ECD. The two 
HER2 ECD-transfected and -overexpressing MDA-MB-453 
clones assayed after G418 selection were found to have 
acquired significant resistance to muMAb4D5. To test more 
rigorously for a dependent relationship between HER2 ECD 
overexpression and muMAb4D5 resistance, BT-474 cells 
(the most sensitive of our HER2-overexpressing cells) were 
selected after transfection by exposure to a completely 
cytostatic dose of muMAb4D5 (2. u-g/ml). The resulting 
BT-474 transfectants not only overexpressed intracellular 
100-kDa HER2 ECD but also demonstrated more rapid 
growth in culture and complete resistance to growth inhibi- 
tion by muMAb4D5. These transfection results suggest that 
the intracellular overexpression of truncated HER2 tran- 
script and 100-kDa HER2 ECD can inhibit the normal 
cytostatic response of HER2-overexpressing cells to 
muMAb4D5 and provide a likely explanation for the ob- 
served natural resistance of SK-OV-3 and MKN7 cells to 
anti-HER2 monoclonal antibodies. 

In our studies, it is not likely that either the acquired or 
native resistance of HER2-overexpressing cancer cells to 
muMAb4D5 is produced by the presence of or interaction 
with heregulin, a specific high-affinity ligand for the 185-kDa 
HER2 receptor that has been recently described (15, 32), 
although it would be of interest to learn whether any 
interaction can occur between heregulin and the 100-kDa 
HER2 ECD. Since heregulin transcripts are not detectable in 
the eight different breast, ovarian, and gastric cancer cell 
lines used for this study (data not shown), the presence of 
heregulin cannot explain any of our reported findings. The 
mechanism by which HER2 ECD overexpression results in 
resistance to muMAb4D5 remains unclear. One hypothesis 
is that the perinuclear accumulation of HER2 ECD, as 
demonstrated in MKN7 cells, somehow interferes with 
internalized complexes consisting of muMAb4D5 and 185- 
kDa HER2. Other data from related receptor systems also 
support a biological role for HER2 ECD. 

The finding of soluble ECD forms in many transmembrane 
receptor systems generated by proteolytic cleavage and/or 
alternative transcriptional processing has prompted the sug- 



gestion that these proteins share a common physiological 
function. Avian, rodent, and human ECD forms of the EGF 
receptor have been identified and found overexpressed in 
embryonic and adult tissues (5, 11, 33). At present, however, 
only the avian form is known to be generated by the same 
unusual alternate polyadenylation mechanism that produces 
the truncated HER2 transcript that we find in human tumor 
cells (11), and there have been no prior reports on the 
existence and significance of intracellular^ localized HER2 
ECD in any mammalian species. Studies in progress are 
looking for evidence of a physical interaction between 
100-kDa HER2 ECD and 185-kDa HER2 receptor within 
HER2-overexpressing cells, since truncated and normal 
EGF receptors are known to heterodimerize and dominantly 
suppress the activation and signaling of normal EGF recep- 
tor homodimers (5, 11, 19). The intracellular formation of 
such heterodimers in HER2-overexpressing tumor cells that 
overproduce a 2.3-kb transcript, like MKN7 cells, might 
explain the ability of muMAb4D5 to bind and internalize the 
185-kDa HER2 receptor but not transduce its growth inhib- 
itory effect. Our results underscore the urgency for a better 
understanding of the physiological role of the HER2 receptor 
system and provide evidence that intracellular sequestration 
of HER2 ECD may alter the growth characteristics of 
HER2-expressing human tumors. 
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